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Flat beams feature unequal emittances in the horizontal and vertical phase space. Those beams
were created successfully in lepton machines. Although a number of applications will profit also
from flat hadron beams, to our knowledge they have never been created systematically. Multi-turn
injection schemes, spectrometers, and colliders will directly benefit from those beams. The present
paper covers the preparation of the experimental proof of principle for flat hadron beam creation in
a beam transport section. Detailed simulations of the experiment, based on charge state stripping
inside of a solenoid [L. Groening, Phys. Rev. ST Accel. Beams 14, 064201 (2011)], are performed.
The matrix formalism was benchmarked with tracking through three-dimensional magnetic field
maps of solenoids. An error analysis targeting at investigation of the impact of machine errors on
the round-to-flat beam transformation has been performed. The remarkable flexibility of the set-up
w.r.t. decoupling is addressed, as it can provide an one-knob tool to set the horizontal and vertical
emittance partitioning. Finally, the status of hardware design and production is given.
PACS numbers: 41.75.Ak, 41.85.Ct, 41.85.Ja
I. INTRODUCTION
The modification of projected beam emittances un-
der preservation of the full six-dimensional emittance be-
came a matter of interest for many accelerator applica-
tions. First experiments were proposed and conducted
by D. Edwards et al. [1] for electron machines about a
decade ago. The issue is of special interest for increas-
ing the performance of X-FELs and advanced approaches
to emittance repartitioning are under conceptual and ex-
perimental investigation [2–6]. Flat hadron beams could
facilitate the process of multi-turn injection into circu-
lar machines, which imposes different requirements on
the horizontal and vertical emittance of the incoming
beam. Recently it was proposed to use flat beams in
hadron-hadron collisions to provide higher luminosity by
mitigating beam-beam effects [7]. The mass resolution of
spectrometers is increased significantly if the beam is flat
perpendicular to the direction of the spectrometers bend.
A corresponding set-up behind an Electron-Cyclotron-
Resonance source is proposed in [8].
From first principles beams are created round without
any coupling among planes. Their rms emittances as well
as their eigen-emittances are equal in the two transverse
planes. Thus, any transverse round-to-flat transforma-
tion requires a change of the beam eigen-emittances by
a non-symplectic transformation [9]. Such a transforma-
tion can be performed by placing a charge state stripper
inside an axial magnetic field region as proposed in [10].
Inside such a solenoid stripper, transverse inter-plane cor-
relations are created non-symplectically. Afterwards they
are removed symplectically by a decoupling section in-
cluding skew quadrupoles. It must be mentioned that
the use of charge state strippers (outside from solenoids)
is state-of-the art at several ion machines that provide
highly charged ions.
It is emphasized that the paper is on the application
of coupled beam dynamics aiming for increased perfor-
mance of an accelerator chain. It is not on coupled beam
dynamics theory itself and references are given whenever
needed. The paper starts with a re-introduction of the
required terms of coupled beam dynamics. Afterwards
the new set-up for experimental demonstration of trans-
verse emittance transfer is introduced. The fourth sec-
tion is on modeling the non-symplectic process of charge
state stripping inside a solenoid. Results from models
based on matrix formalism are benchmarked with those
from tracking particles through three-dimensional field
maps derived from magnet design codes. Such bench-
marks were made for different finite fringe field shapes
of the solenoid. Afterwards, the symmplectic decoupling
section is treated. The sixth section analyses the impact
of machine errors on the decoupling performance of the
beam line. It was found that the decoupling capability
of the set-up is remarkably flexible and the impact and
discussion of this finding is treated in a dedicated section.
The paper closes with some conclusions and an outlook
w.r.t. procurement of the required hardware.
II. BASIC TERMS
The four-dimensional symmetric beam matrix C con-
tains ten unique elements, four of which describe the cou-
pling. If one or more of the elements of the off-diagonal
sub-matrix is non-zero, the beam is x-y coupled:
C =


〈xx〉 〈xx′〉 〈xy〉 〈xy′〉
〈x′x〉 〈x′x′〉 〈x′y〉 〈x′y′〉
〈yx〉 〈yx′〉 〈yy〉 〈yy′〉
〈y′x〉 〈y′x′〉 〈y′y〉 〈y′y′〉

 . (1)
2The four-dimensional rms emittance ε4d is the square
root of the determinant of C, and the projected beam
rms emittances εx and εy are the square roots of the
determinants of the on-diagonal sub-matrices. Diagonal-
ization of the beam matrix yields the eigen-emittances ε1
and ε2 which are calculated as
ε1,2 =
1
2
√
−tr(CJ)2 ±
√
tr2(CJ)2 − 16det(C). (2)
The four-dimensional matrix J is the skew-symmetric
matrix with non-zero entries on the block diagonal off
form. Any symplectic transformation M obeys
MTJM = J, J =


0 1 0 0
−1 0 0 0
0 0 0 1
0 0 −1 0

 . (3)
Eigen-emittances are invariant under symplectic trans-
formations and the eigen-emittances are equal to the rms
emittances only if inter-plane (x-y) correlations are zero.
III. EXPERIMENTAL SET-UP
The new EMTEX (emittance transfer experiment)
beam line for the demonstration of transverse emittance
transfer is shown in Fig. 1 and it will be integrated into
the existing transfer line from the UNILAC [11] to the
SIS-18 synchrotron.
FIG. 1. The layout of the EMTEX section at GSI.
The transverse emittance transfer beam line comprises
two quadrupole doublets, a solenoid with stripper foil
inside, a quadrupole triplet, a skew quadrupole triplet,
another quadrupole triplet, a current transformer, and a
transverse emittance measurement unit. Its total length
is 12785 mm.
In order to mitigate four-dimensional rms emittance
growth from scattering during the stripping process, the
beam sizes at the stripper should be kept small. Two
quadrupole doublets separated by a drift space in front
of the solenoid do the required matching. The maxi-
mum gradients of the quadrupole magnets are 19.0 and
15.0 T/m and the effective field lengths are 319 and
354 mm, respectively. A low intensity beam of D+6
stripped to 3D+2 in a 20 µg/cm
2 carbon foil placed at the
center of a solenoid will be used, and the total relative
momentum spread of the beam is less than ±5 × 10−4.
The maximum longitudinal magnetic field is 1.0 T. This
non-symplectic transformation creates coupling between
the two transverse planes [12]. A quadrupole triplet and
a skew quadrupole triplet separated by a drift space are
employed to remove these correlation symplectically. It
will be called decoupling section in the following. A final
quadrupole triplet is used for matching to the existing
beam line followed by a beam current transformer and
an emittance measurement unit. The full beam line is
presented quantitatively in the Appendix.
IV. STRIPPING INSIDE A SOLENOID
Stripping inside a solenoid is fundamentally different
from stripping between two solenoids due to the longi-
tudinal magnetic field component and the fringe fields.
In case of pure transverse field components (dipoles,
quadrupoles, n-poles) there is equivalence between strip-
ping inside this magnet and stripping between two such
magnets of half lengths.
Let C0 denote the second moment matrix at the entrance
of the solenoid. If the beam has equal horizontal and ver-
tical rms emittances, the beam matrix can be simplified
to
C0 =


εβ 0 0 0
0 ε
β
0 0
0 0 εβ 0
0 0 0 ε
β

 . (4)
Assuming a very short solenoid, its transport matrix can
be divided into two parts
Rin =


1 0 0 0
0 1 kin 0
0 0 1 0
−kin 0 0 1

 , Rout =


1 0 0 0
0 1 −kout 0
0 0 1 0
kout 0 0 1

 .
(5)
If the beam has the same energy and charge state at the
solenoid entrance and exit, kin is equal to kout. The first
part describes the entrance fringe field and the second
part is the exit fringe field. In here, the focusing strength
of the solenoid is
k =
B
2(Bρ)
. (6)
B is the on-axis magnetic field strength, and Bρ is the
beam rigidity. The beam matrix C1 after the entrance
fringe field k is found in the following form
C1 = RinC1R
T
in =


εβ 0 0 −kεβ
0 ε
β
+ k2εβ kεβ 0
0 kεβ εβ 0
−kεβ 0 0 ε
β
+ k2εβ

 .
(7)
3The off-diagonal sub-matrices describe the correlations
and the values of 〈xy〉 and 〈x′y′〉 are zero. In or-
der to achieve a change of the eigen-emittances a non-
symplectic transformation has to be integrated into the
round-to-flat transformation section. The transforma-
tion through the solenoid is non-symplectic if the beam
rigidity is abruptly changed in between the entrance and
exit fringe fields, thus the beam properties are reset in-
side the solenoid. The non-symplectic transformation is
accomplished by using a beam of D+6 stripped to 3D
+
2 in
a carbon foil placed at the center of solenoid. Thus, the
exit fringe field transfer matrix is changed to:
R
′
out =


1 0 0 0
0 1 −3k 0
0 0 1 0
3k 0 0 1

 . (8)
The focusing strength of the solenoid k is calculated from
the unstripped charge state. The elements of the beam
matrix C′1 directly after the stripper inside of the solenoid
but still before the exit fringe field are
C
′
1 =


εβ 0 0 −kεβ
0 ε
β
+ k2εβ +∆ϕ2 kεβ 0
0 kεβ εβ 0
−kεβ 0 0 ε
β
+ k2εβ +∆ϕ2

 .
(9)
The stripper scattering effects on the angular spread are
included. The energy loss and straggling in the stripper
foil can be neglected in our case. The parameter ∆ϕ2 is
the scattering amount during the stripping process [13],
and the foil stripper itself is modeled by increasing the
spread of the angular distribution through scattering. Af-
ter the stripper the beam passes through the exit fringe
field with reduced beam rigidity and the beam matrix C
′
2
after the exit fringe field becomes
C
′
2 = R
′
outC
′
1R
′T
out =
[
εnRn 2kεnβnJn
−2kεnβnJn εnRn
]
, (10)
where
εn =
√
εβ(
ε
β
+ 4k2εβ +∆ϕ2), βn =
βε
εn
, (11)
introducing the 2×2 sub-matrices Rn and Jn as
Rn =
[
βn 0
0 1
βn
]
, Jn =
[
0 1
−1 0
]
. (12)
The amount of eigen-emittance transfer scales with the
longitudinal magnetic field strength and the beam rms
sizes on the stripper. Inter-plane correlations are created
and the rms emittances and eigen-emittances after the
solenoid with stripper foil can be written as:
εx,y = εn, ε1,2 = εn(1± 2kβn) . (13)
The four-dimensional rms emittance can be written as
ε4d = ε1ε2 = ε
2 + εβ∆ϕ2 . (14)
The value of the four-dimensional rms emittance increase
is proportional to the square of beam sizes on the strip-
per. The increase is purely from scattering in the foil, it
is not caused by the shift of beam rigidity inside the lon-
gitudinal magnetic field. The evolutions of the rms emit-
tances and the eigen-emittances along a solenoid chan-
nel which is composed of two drift space separated by
a solenoid are shown in Fig. 2. For the beam transport
through the solenoid, the linear solenoid transfer matrix
is used and the stripper foil is placed at the solenoid cen-
ter. Once the beam feels the entrance fringe, the eigen-
emittances start to split out rapidly and do not change
until the stripper foil. Taking into account the scat-
tering in the stripper foil, the eigen-emittances increase
abruptly during the stripping process. After stripping,
the exit fringe is passed by the beam with reduced rigid-
ity, thus overcompensating the previous eigen-emittance
variations. The fringe fields of the solenoid, rather than
the pure longitudinal magnetic field, cause the change of
eigen-emittances.
Multi-particle tracking in the proposed transverse emit-
tance transfer section is done with the TRACK code [14].
FIG. 2. Evolutions of rms emittances and eigen-emittances
along the solenoid channel using a transfer matrix.
By variations of the aperture size of solenoid, the effec-
tive length of the solenoid is constant and the transfer
matrix will remain unchanged, while the actual three-
dimensional field map will be affected. In order to ver-
ify whether usage of the transfer matrix formalism is
justified, it was compared with tracking simulations for
two different solenoids of equal effective field length but
with different fringe field shapes obtained from three-
dimensional field maps of the OPERA-3D finite element
code [15]. The evolutions of rms emittances and eigen-
emittances along solenoids with different aperture radii
are shown in Fig. 3. The solenoids effective lengths are
set to 200 mm, and the solenoids aperture radii are cho-
sen to be 30 and 90 mm, respectively.
Additionally we treated the case of fixed solenoid aper-
ture radius but different effective field lengths. The evo-
lutions of the rms emittances and eigen-emittances along
4FIG. 3. Evolutions of rms emittances and eigen-emittances
along the solenoid, with same effective lengths but different
aperture radii. The results are from tracking through three-
dimensional magnetic field maps.
solenoids with different effective field lengths are shown
in Fig. 4. In this simulation, the solenoid aperture radius
is set to 60 mm, and the solenoid effective lengths are
chosen 200 and 300 mm, respectively.
FIG. 4. Evolutions of rms emittances and eigen-emittances
along the solenoid, with identical inner radius but different
effective lengths. The results are from tracking through three-
dimensional magnetic field maps.
The simulations demonstrated that the treatment of the
solenoidal stripping process with linear matrices as ini-
tially done in [10] is justified. The final rms emittances
and eigen-emittances do not depend on the exact shape
of the fringe field as long as it is reasonably short like
for the solenoids that are commonly in use. Additional
material on this issue can be found in [16, 17].
V. DECOUPLING SECTION
The simplest skew decouplig section contains three
skew quadrupoles with appropriate betatron phase ad-
vances in each plane [18, 19]. Let Rq be the 4×4 matrix
corresponding to a certain arrangement of quadrupoles
and drift spaces and assume that this channel is repre-
sented by an identity matrix in the x-direction and has
an additional 90◦ phase advance in y-direction as in [20]
Rq =
[
In On
On Tn
]
. (15)
Here the 2×2 sub-matrices On, Tn and In are defined as
On =
[
0 0
0 0
]
, Tn =
[
0 U
− 1
U
0
]
, In =
[
1 0
0 1
]
. (16)
If the quadrupoles are tilted by 45◦ the 4×4 transfer ma-
trix can be written as
R = RrRqR
T
r =
1
2
[
Tn+ Tn−
Tn− Tn+
]
, (17)
where
Rr =
√
2
2
[
In In
−In In
]
, Tn± = Tn ± In. (18)
The beam matrix C
′
3 after the decoupling section is
C
′
3 = RC
′
2R
T
=
[
η+Γn+ ζΓn−
ζΓn− η−Γn+
]
, (19)
and the 2×2 sub-matrices Γn± are defined through
Γn± =
[
U 0
0 ± 1
U
]
, (20)
with
η± =
εn
2
(
βn
U
+
U
βn
± 4kβn), (21)
and
ζ =
εn
2
(−βn
U
+
U
βn
) . (22)
Assuming that this beam matrix is diagonal, its x-y com-
ponent vanishes
ζΓn− = On . (23)
This equation is solved by
U = βn . (24)
This result was found earlier in [20] for instance. How-
ever, the major steps have been repeated here since they
will be referred to later.
Suppose that the decoupling transfer matrix R is able
to decouple the two transverse planes of C
′
2. We still do
not know how this transfer beam line looks in detail, but
anyway we calculate the final rms emittances obtaining
εx,y =
εn
2
(
βn
U
+
U
βn
± 4kβn) . (25)
5This idealized example serves illustrating the princi-
ple, and it may be accomplished with just three skew
quadrupoles. In our design, more elements are used be-
cause of finite apertures and gradients of a real exper-
iment. In our set-up the decoupling section comprises
a quadrupole triplet and a skew quadrupole triplet sepa-
rated by a drift. The quadrupole gradients are optimized
numerically from a numerical routine [10] to remove the
inter-plane correlations thus minimizing the horizontal
(for instance) rms emittances to the lower of the eigen-
emittances.
Fig. 5 illustrates the transverse emittance transfer. In the
first step we assume that we turn off the power supplies
of the solenoid and the skew quadrupole triplet. This
process is an ordinary stripping process and the eigen-
emittances are equal to the rms emittances at the exit
of this section. It reflects today’s situation of provid-
ing highly charged ions from linacs. Due to the strip-
ping, growth of eigen-emittances and rms emittances is
unavoidable. It is the reference scenario to which the
emittance transfer scenario is to be compared. In the
latter the solenoid field and the decoupling skew quads
are turned on. The eigen-emittances diverge inside the
solenoid but they are preserved afterwards. Along the de-
coupling skew quadrupole triplet the rms emittances are
made equal to the diverged eigen-emittances. Compared
to the reference scenario, the final horizontal rms emit-
tance is reduced significantly by a factor two. This emit-
tance transfer experiment (EMTEX) is therefore funda-
mentally different from an emittance exchange experi-
ment (EEX). EMTEX is non-symplectic and the amount
of transfer can be controlled by the solenoid field strength
and/or the beam size on the stripping foil.
FIG. 5. Evolution of rms emittances and eigen-emittances
along the longitudinal magnetic field and the decoupling sec-
tion for two scenarios: solenoid and skew quads off (refer-
ence, green and dark green lines); solenoid and skew quads
on (emittance transfer), Bz=1.00 T.
Behind the decoupling section another quadrupole triplet
is required to rematch the beam for further transport to
the SIS-18 synchrotron. The beam rms sizes along the
total beam line are shown in Fig. 6 (solenoid and skew
quads on) and the particle distributions at the exit of
beam line are illustrated in Fig. 7.
FIG. 6. Horizontal and vertical beam rms sizes along the
proposed transverse emittance transfer section.
FIG. 7. The transverse emittance portraits at the exit of
proposed transverse emittance transfer section.
VI. ERROR STUDIES
The decoupling of the transverse planes is sensitive to
machine errors. Alignment failures and/or gradient er-
rors directly enter into the transformations and flaw the
decoupling performance. In order to quantify the impact
of such errors on the experiment, dedicated error studies
were done w.r.t. gradient errors and rolls of quadrupoles.
Gradient deviations and rolls were distributed randomly
among all magnets of the set-up. Different error distribu-
tions were used to simulate the experiment by tracking.
The influence of gradient fluctuations and rolls on the fi-
nal horizontal rms emittance and lower eigen-emittances
are shown in Fig. 8. Based on the experiences of the
UNILAC, the maximum values of gradient fluctuations
and rolls can be kept below 0.1% and 0.3◦, respectively.
It turned out that the gradient fluctuations are not crit-
6FIG. 8. Influence of gradient fluctuations and magnet rolls
on the horizontal rms emittance and lower eigen-emittances.
ical. In case of rolls, the values of horizontal rms emit-
tances are larger than the lower eigen-emittances, indi-
cating incomplete decoupling. The related beam line er-
rors degrade the accuracy of decoupling. Assuming that
the gradient fluctuations and rotational angles are lower
than ±0.1% and 0.3◦, it does just slightly harm the de-
coupling capability, i.e. the coupling elements are re-
moved sufficiently well.
VII. DECOUPLING CAPABILITY ANALYSIS
The parameter t is introduced to quantify the inter-
plane coupling. If t defined as
t =
εxεy
ε1ε2
− 1 (26)
is equal to zero, there are no inter-plane correlations and
the beam is fully decoupled. Kim [20] introduced the
beam angular momentum 2ξ=〈xy′ − x′y〉 and for an an-
gular momentum dominated beam one finds t=ξ2/ε4d.
For a given solenoid strength k0, referring to the un-
stripped beam, the corresponding quadrupole gradients
of the decoupling section are determined using a numeri-
cal routine, such that finally the rms emittances are equal
to the eigen-emittances. If these optimized gradients are
applied to remove inter-plane correlations produced by
a different solenoid strength k1, the resulting rms emit-
tances and eigen-emittances at the exit of the decoupling
section are calculated to be
εx,y =
εn(k1)
2
[
βn(k1)
βn(k0)
+
βn(k0)
βn(k1)
± 4k1βn(k1)
]
, (27)
and
ε1,2 = εn(k1) [1± 2k1βn(k1)] . (28)
The parameter t is then
t =
4ε2β2
( ε
β
+∆ϕ2)( ε
β
+ 4k20εβ +∆ϕ
2)
(k21 − k20)2 . (29)
In the experiment, we will have a beam of molecules
from D+6 with the initial beam parameters α=0,
β=2.5 mm/mrad and ε=0.51 mm.mrad at the entrance
of the solenoid. The stripping scattering amount ∆ϕ
is 0.226 mrad [13] and the decoupling transfer matrix
is determined for 1.0 T of solenoid field. For the sim-
plest decoupling transfer matrix, the decoupling section
is a skew quadrupole triplet. In our case, the decou-
pling section comprises a quadrupole triplet and a skew
quadrupole triplet separated by a drift. Therefore, our
decoupling transfer matrix has a more complex structure,
explicitly (in units of mm mrad)
R
′
=


−0.9224 1.6051 −0.4133 −0.4703
−0.7274 0.2415 −1.6969 −2.0649
0.0746 −0.2830 2.9308 3.6770
0.4603 −1.0047 1.1329 1.7437

 , (30)
being different from the form used in Eq. (17). The
final eigen-emittances and rms emittances calculated
using Eq. (17) and those obtained from tracking through
our specific set-up are compared in Fig. 9. For the
FIG. 9. Eigen-emittances and rms emittances calculated by
analytical method based on the decoupling matrix of Eq. (17)
and by multi-particle tracking through our specific set-up. Al-
though the longitudinal magnetic field is varied, the decou-
pling gradients are kept constant at the values determined to
decouple the beam coupled by a longitudinal magnetic field
of 1 T.
simple decoupling section the calculation is based on the
transfer matrix method of Eq. (17). For our decoupling
section multi-particle tracking through the external
three-dimensional field maps (for the solenoid) and the
external one-dimensional field profile (for the quadrupole
and skew quadrupole) were adopted.
The remarkable result is that both decoupling matri-
ces work effectively for a wide range of longitudinal
magnetic field values, i.e. the beam is well decoupled
for a wide range of longitudinal magnetic fields around
the gradients of the decoupling section the quadrupoles
have been optimized for. Additionally, in both cases the
7decoupling performance is independent from the sign of
k1 as suggested by Eq. (29) and weakly depended on
k1-k0. We currently do not have a complete analytical
understanding of this weak dependence except for the
simple decoupling matrix Eq (17). However, we still
aim for understanding why the dependence is so weak
even for our decoupling line being more complex w.r.t.
the form of Eq. (17). To exclude that this is casual for
this one beam line, the beam line has been modified
by prolonging or shortening drifts and quadrupole
field lengths. For all modifications (all using a regular
quadrupole triplet followed by a skew quadrupole triplet)
the same behavior of the decoupling performance was
observed.
However, this behavior simplifies the decoupling signif-
icantly as re-adoption of gradients to the solenoid field
can be skipped within a reasonable range of solenoid
fields. It provides an one-knob set-up to partition the
horizontal and vertical beam rms emittances. The be-
havior of t calculated by the analytical method based on
Eq. (17) and on tracking through our set-up is illustrated
in Fig. 10, where the stripping scattering amount ∆ϕ is
set to 0.226 mrad and the longitudinal magnetic field is
varied. In our set-up k0 corresponds to a solenoid field
of 1 T and accordingly t has a minimum for that value.
The beam is well decoupled for a wide range of solenoid
fields for both the analytical calculation and for tracking
through the specific set-up.
FIG. 10. The parameter t calculated by analytical method
and multi-particle tracking simulation. Although the longi-
tudinal magnetic field is varied, the decoupling gradients are
kept constant at the values determined to decouple the beam
coupled by a longitudinal magnetic field of 1 T.
The dependence of t on the solenoid field as obtained
from tracking has been fitted with a 4th order polyoma
as motivated by Eq. (29) and the fit is plotted as well
in Fig. 10. This result might suggest a general 4th
order dependence of the decoupling performance of any
beam line on the coupling-driving solenoid field. The
analytical investigation of this suggestion is beyond the
scope of this paper.
Finally we calculated the case of fixed longitudinal
magnetic field but different stripping scattering amount
∆ϕ, and the behavior of t simulated by multi-particle
tracking through our set-up is illustrated in Fig. 11.
The decoupling is also quite independent from the
amount of scattering, which will additionally facilitate
the experiment.
FIG. 11. The parameter t calculated by multi-particle track-
ing simulation as a function of the foil scattering angle. Al-
though the scattering angle is varied, the decoupling gradi-
ents are kept constant at the values determined to decouple
the beam coupled by a scattering angle of 0.226 mrad.
VIII. CONCLUSION AND OUTLOOK
An experimental set-up for demonstration of round-
to-flat transformation of an initially decoupled ion beam
was presented. It comprises two doublets for matching
the required beam parameters on a stripping foil being
placed in the center of a solenoid of about 1.0 T. The net
effect on the beam is a non-symplectic transformation
creating inter-plane coupling, being removed afterwards
along a beam line from one regular quadrupole triplet
and one skew quadrupole triplet. Extensive tracking
simulations through three-dimensional field maps of the
solenoid were performed for a variety of field shapes,
showing excellent agreement to the pure matrix formal-
ism. Angular scattering during stripping was included
and an error study was performed. The latter revealed
that quadrupole rolls may slightly but not significantly
harm the decoupling performance. This decoupling
performance was found to be very stable w.r.t. the
field strength of the solenoid, i.e. the same decoupling
gradients can be applied for a wide range of solenoid
fields without relevant reduction of the decoupling
performance. This remarkable result can be partially
understood analytically. Apart from that it facilitates
8the conduction of the experiment itself.
The beam line is currently under construction.
Quadrupole triplets and doublets are on site or
under production. Power converters were ordered and
the installation of the infrastructure is scheduled. The
solenoid, comprising two separate coils, including its
chamber, which in turn houses the driver to move the
stripping foil on the beam axis, is shown in Fig 12.
The solenoid design avoids a local field minimum in the
center, since it might act as a trap of electrons. All
required diagnostic devices are already installed and
operational. We currently plan to do the experiment in
2014, that work is supported by the HIC for FAIR and
the BMBF.
FIG. 12. The solenoid comprising to coils, its chamber, and
the driver mechanics to place the stripping foil on the beam
axis.
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Appendix A
The beam parameters at the entrance and exit of
the beam line are listed in Tab. I. A D+6 beam of 11.4
TABLE I. The beam parameters at the entrance and exit of
the EMTEX beam line.
Parameters Entrance Exit
αx/αy -1.21/-2.28 0.00/0.00
βx/βy [mm/mrad] 21.80/15.01 7.18/7.13
εx/εy [mm.mrad] 0.509/0.510 0.256/1.144
TABLE II. The lattice of the EMTEX beam line.
Element Effective Length [mm] Gradient [Tesla/m]
Drift 240.5
Quad 319.0 7.276
Drift 203.0
Quad 319.0 -7.726
Drift 4000.0
Quad 354.0 -0.187
Drift 167.5
Quad 354.0 3.287
Drift 500.0
Drift 300.0
Solenoid 100.0 1.00 Tesla
Foil 0.0 20 µg/cm2, ∆ϕ=0.226 mrad
Solenoid 100.0 1.00 Tesla
Drift 300.0
Drift 200.0
Quad 319.0 10.600
Drift 201.0
Quad 319.0 -9.453
Drift 201.0
Quad 319.0 8.386
Drift 500.0
Skew Quad 200.0 -5.618
Drift 20.0
Skew Quad 400.0 2.840
Drift 20.0
Skew Quad 200.0 -9.106
Drift 500.0
Quad 200.0 -6.813
Drift 20.0
Quad 400.0 7.356
Drift 20.0
Quad 200.0 -7.760
Drift 1289.0
MeV/u is stripped in a foil to a 3D+2 beam. The total
relative momentum spread is less than ±5 × 10−4. The
parameters of the full beam line are listed in Tab. II.
Positive gradient means horizontal focusing and a skew
refer to a normal quadrupole rotated counter-clockwise
by 45◦ around the beam line axis.
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